Abstract. So far, there are too many examinations concerning the possibility of the application UAV in photogrammetric studies. Unmanned aerial vehicles are usually equipped with low cost and low grade Inertial Navigation System (INS). In relation to determination the value of the angle orientations of the camera on low cost UAV mainly inertial sensors based on micro-electromechanical systems are being used (MEMS). In this case, the typical accuracy of determining the angles of the platform can reach up to 0.5 degree. In the paper, results of comparison of the angle elements of exterior orientation between the transformation model from the INS sensor to camera sensor, and the aerial triangulation method are presented. Two research methods were used in this paper, i.e. the method of transformation between the frame of the INS sensor and the frame of the camera sensor and the method of digital aerial triangulation for determination of the angle. The research experiment was realized for 789 images data from Trimble UX-5 sensor. The flight mission was conducted above Liwiec river in 2015. The results of the comparison show that the mean difference of the angle elements of exterior orientation between both methods amounts to ±1.5⁰.
Introduction
The sensor INS (Inertial Navigation System) is the basic sensor used to define parameters of the orientation of an unmanned platform in space. Apparatus of the INS device has built in components of gyroscopes for determination of the angles of the sense of direction and accelerometers for determination of acceleration of the platform [1] . The gyroscopes enable the reconstruction of the angle elements of YPR orientation (Yaw, Pitch, Roll) in 3 axis for an unnamed moving platform.
The occurrence of errors in gyroscope and accelerometers measurements has big impact on accuracy of determination of the angle YPR elements for unmanned platforms [2] . Moreover, action of external factors (like the speed of wind or atmospheric fallout) is essential to determine the precise values of the YPR angles of rotation [3] . Determination of the angle YPR elements has huge meaning for the use in air photogrammetry. The YPR parameters allow to determinate approximate values of the angle elements of exterior orientation in the area of aviation. Values of the angle of exterior orientation are determined with use of OPK parameters (Omega, Phi, Kappa) in relation to the camera sensor placed in the unmanned platform [4] .
The purpose of the work was to determine the values of OPK angles based on two research methods. The first research method was based on the transformation YPR angle from the INS sensor for reconstructing the angle OPK elements for the camera sensor. The second method assumed the determination of angular values of the OPK based on the aerial triangulation. The work compares the OPK angle values based on the applied research methods. An analysis of the accuracy of the obtained results was also carried out. The calculations were carried out for the navigation data obtained from the unmanned Trimble UX-5 platform.
The article was divided into 5 sections and references were added at the end of this paper.
Mathematical model for designation the angle elements of exterior orientation
Values of angle elements of exterior orientation are determined on the basis of transformation from the frame of the INS sensor to the frame of a photogrammetric camera sensor as below [5] :
where 
T -matrix determinant equals 1; 
Accuracy of angle elements of exterior orientation is between 1º and 5º based on equation (1) [6] . Values of OPK angle are determined in the sequential procedure based on equation (1) In the case of photogrammetry high accuracy and precision of OPK elements is possible by using the digital aerial triangulation process. Within the framework of the digital aerial triangulation model accuracy of determination of the angle OPK elements is higher than 0.1º. Equation based on the digital aerial triangulation model can be expressed as below [8, 9] : 
where ( Based on equation (2) the angle values (ω, φ, κ) are determined using the least squares methods in the iterative process. Angle parameters (ω, φ, κ) are related to each image in the particular profile. Technique of determination of elements of exterior orientation for the whole image block is usually based on the method of independent bundles.
The research experiment
Within the framework of the research experiment comparison of the angle elements of exterior orientation between the transformation model from the INS sensor to the camera sensor and the aerial triangulation method was conducted. Input parameters of the angles of rotation YPR for transformation process come from the data of gyroscopes placed on the unmanned platform Trimble UX-5. Ellipsoidal coordinates of the unnamed aircraft were registered by the GPS sensor placed on the Trimble UX-5 platform. Expediently the parameters of the position and orientation of the Trimble UX-5 sensor are recordable in the universal text format "log" for each image taken during the photogrammetric flight [10; 11] . Trimble UX-5 platform took 789 images in JPEG format with use of Sony NEX-5R digital camera during the photogrammetric flight. All images located in 40 profiles were taken from the altitude about 100 m (see Fig. 2 ). The flight mission was conducted in the eastwest direction, on the assumption that crosswise and oblong cove equals 75 %. The test area was placed in Starowola city by the Liwiec river near Warsaw conducted in good weather conditions and the wind speed no more than 2 m·s -1 .
To needs of the digital aerial triangulation process 14 ground control points were placed and signalized on the test area, which were measured using the satellite technology GPS RTK. The accuracy of determination of the ground control points coordinates equal about 0.03 m. The digital aerial triangulation process was conducted in UASMaster software based on the algorithm of the compensation with the method of bundle adjustment [12; 13] . Obtained dimension of the pixel in the digital aerial triangulation equals 0.04 m. Destination coordinate frame in the digital aerial triangulation process was set to PUWG 2000 zone 7.
Fig. 2. UAV trajectory in horizontal and vertical plane The results and discussion
Comparison of the results obtained on the basis of transformation of the INS sensor to the digital camera and the digital aerial triangulation method was made in the second chapter of the article. Value of the difference for ( , , ) ω ϕ κ parameters between the results from both research methods are determined as below:
where ( , (1) and equation (2) . Average difference for ω angle value equals -1.09º with standard deviation 5.37º. The amplitude of the obtained results for dω parameter equals between -25.10º and 15.66º. Moreover, median value of dω parameter equals -0.97º. It should be noted that 68 % of the obtained results for dω parameter are between -5º and 5º. Next, over 92 % of the results obtained for dω parameter are between -10º and 10º. Fig. 4 presents the values of comparison of φ angle based on the method from equation (1) and equation (2) . Average difference for φ angle value equals 1.22º with standard deviation 5.79º. The amplitude of the obtained results for dφ parameter equals between -19.45º and 20.76º. Moreover, median value of dφ parameter equals 1.25º. It should be noted that about 61 % of the obtained results for dφ parameter are between -5º and 5º. Next, about 91 % of the results for dφ parameter are between -10º and 10º. (1) and equation (2) . Average difference for κ angle value equals 0.87º with standard deviation 9.68º. The amplitude of the obtained results for dκ parameter equals between -18.27º and 25.63º. Moreover, median value of dκ parameter equals -1.47º. It should be noted that only 28 % of obtained results for dκ parameter are between -5º and 5º. Next, about 65 % results for dκ parameter are between -10º and 10º. Additionally 90 % of the results for dκ parameter are between -15º and 15º. Based on the analyzes performed, it was found that the observations recorded by the INS sensor are possible to reconstruct the OPK angles with an accuracy of 1º. The aerial triangulation method increases the accuracy to 0.1º. Similar results were obtained in other works, where the average error for the roll, pitch and heading angles was 0.36º [14] . Taking into account additional GPS observations, the accuracy for the yaw angle was even 0.20º [15] . It has also been proved that the INS angle recording method can be used at the initial stage of the development of images obtained from a low altitude in order to determine approximate angular elements of the external orientation. The aerial triangulation method is more accurate; however, it requires more time to implement the research task.
Conclusions
In the article, the results of the research relating to determination the angle elements of exterior orientation by using UAV data were presented. Two research methods were used in this paper, i.e. the method of transformation between the frame of the INS sensor and the frame of the camera sensor and the method of digital aerial triangulation for determination of (ω, φ, κ) angle. The source data in the research test came from the photogrammetric experiment, which was conducted by the Liwiec river in 2015. Within the framework of the photogrammetric flight 789 images were taken using the Trimble UX-5 platform. Based on the conducted research tests and performed calculations the following conclusions were expressed:
• average difference of (ω, φ, κ) angle values equals: -1.09º for Omega angle, 1.22º for Phi angle, 0.87º for Kappa angle accordingly; • amplitude of the obtained results for (dω, dφ, dκ) parameters equals between -25.10º and 25.63º; • standard deviation for (dω, dφ, dκ) parameters equals about 6º for Omega and Phi angle elements and about 10º for Kappa angle. The results of the comparison show that the mean difference of the angle elements of exterior orientation between both methods amounts to ±1.5º.
